Preface
The focused ion beam (FIB) instrument has experienced an intensive period of maturation since its inception. Numerous new techniques and applications have been brought to fruition by the tireless efforts of some very innovative scientists with the foresight to recognize the potential of this upstart apparatus. Over the past few years, the FIB has gained acceptance as more than just an expensive sample preparation tool, and has taken its place among the suite of other instruments commonly available in analytical and forensic laboratories, universities, geological, medical and biological research institutions, manufacturing plants, and more. The applications for FIB that have yet to be realized are endless. The future for this instrument is certain to be filled with innovation and excitement.
Although the utility of the FIB is not limited to the preparation of specimens for subsequent analysis by other analytical techniques, it has revolutionized the area of TEM specimen preparation. One anecdotal example is relayed by Lucille Giannuzzi, one of the editors of this book. Approximately 18 months of Lucille's graduate research effort was devoted to the development of a TEM specimen preparation technique for the crosssection analysis of galvanized steel. Upon her introduction to an FEI 61 1 FIB in 1995, the value of the FIB instrument, which was then capable of preparing TEM specimens of semiconductor materials in about five hours, was overwhelmingly and immediately apparent.
Today's FIB instruments can prepare TEM specimens in less than an hour. The FIB has also been used to prepare samples for numerous other analytical techniques, and offers a wide range of other capabilities. While the mainstream of FIB usage remains within the semiconductor industry, FIB usage has expanded to applications in metallurgy, ceramics, composites, polymers, geology, art, biology, pharmaceuticals, forensics, and other disciplines. In addition, the FIB has been used to prepare samples for numerous other analytical techniques. Computer automated procedures have been configured for unattended use of FIB and dual platform instruments. New applications of FIB and dual platform instrumentation are constantly being developed for materials characterization and nanotechnology. The site specific nature of the FIB milling and deposition capabilities allows preparation and processing of materials in ways that are limited only by one's imagination. Additional uses and applications will likely have been discovered by the time that this volume hits the shelves. The hardest task in editing this compilation was to decide when to stop and send it to press. In this book we have attempted to produce a reference on FIB geared towards techniques and applications. The first portion of this book introduces the basics of FIB instrumentation, milling, and deposition capabilities. The chapter dedicated to ion-solid interactions is presented so that the FIB user can understand which parameters will influence FIB milling behavior. 
Abstract:
Key words:
The typical focused ion beam (FIB) instrument consists of a vacuum system, liquid metal ion source, ion column, stage, detectors, gas inlets, and computer. The liquid metal ion source provides the finely focused ion beam that makes possible high lateral resolution removal of material. Five axis motorized eucentric stage motion allows rapid sputtering at various angles to the specimen. The ion beam interaction with organo-metallic species facilitates site specific deposition of metallic or insulating species. Other gases may be used for enhanced etching of materials. The combination of a scanning electron microscope column and a FIB column forms a dual platform system that provides enhanced capabilities.
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THE BASIC FIB INSTRUMENT
The basic FIB instrument consists of a vacuum system and chamber, a liquid metal ion source, an ion column, a sample stage, detectors, gas delivery system, and a computer to run the complete instrument as shown schematically in Figure 1 . The instrument is very similar to a scanning electron microscope (SEM). FIB instruments may be stand-alone single beam instruments. Alternatively, FIB columns have been incorporated into other analytical instruments (either commercially or in research labs) such as an SEM, Auger electron spectroscopy, transmission electron microscopy, or secondary ion mass spectrometry, the most common of which is a FIBISEM dual platform instrument. The ion column in a single beam FIB instrument is typically mounted vertically. In contrast, dual platform instruments usually have the FIB mounted at some angle with respect to vertical (i.e., the SEM column). Details on combined FIBISEM applications are discussed elsewhere in this volume.
What follows below is a basic description of how a FIB instrument works. The interested reader may visit the references listed for additional details on ion optics and on the physics of liquid metal ion sources. 
THE VACUUM SYSTEM
A vacuum system is required to make use of the ion beam for analysis. The typical FIB system may have three vacuum pumping regions, one for the source and ion column, one for the sample and detectors, and a third for sample exchange. The source and column require a vacuum similar to that used for field emission SEM sources (i.e., on the order of 1x10-' torr) to avoid contamination of the source and to prevent electrical discharges in the high voltage ion column. The sample chamber vacuum can be at higher pressure and the system can be used with this chamber in the 1x10-~ torr range. Pressures in the 1x1 0-4 torr range will show evidence of interaction of the ion beam with gas molecules because the mean free path of the ions decreases as the chamber pressure is increased. The mean free path at high pressure is reduced to the point where the ions can no longer traverse the distance to the sample without undergoing collisions with the gas atoms or molecules. Ion pumps are normally used for the primary column and turbomolecular pumps backed by oil or dry forepumps are typically used for the sample and sample exchange chambers.
THE LIQUID METAL ION SOURCE
The capabilities of the FIB for small probe sputtering are made possible by the liquid metal ion source (LMIS). The LMIS has the ability to provide a source of ions of -5 nm in diameter. Figure 2a shows a schematic diagram of a typical LMIS which contains a tungsten needle attached to a reservoir that holds the metal source material. There are several metallic elements or alloy sources that can be used in a LMIS. Gallium (Ga) is currently the most commonly used LMIS for commercial FIB instruments for a number of reasons: (i) its low melting point (T,, = 29.8 "C) minimizes any reaction or interdiffusion between the liquid and the tungsten needle substrate, (ii) its low volatility at the melting point conserves the supply of metal and yields a long source life, (iii) its low surface free energy promotes viscous behaviour on the (usually W) substrate, (iv) its low vapor pressure allows Ga to be used in its pure form instead of in the form of an alloy source and yields a long lifetime since the liquid will not evaporate, (v) it has excellent mechanical, electrical, and vacuum properties, and (vi) its emission characteristics enable high angular intensity with a small energy spread. Ga' ion emission occurs via a two step process as described below: (i)
The heated Ga flows and wets a W needle having a tip radius of -2-5 pm.
Once heated, the Ga may remain molten at ambient conditions for weeks due to its super-cooling properties. An electric field (lo8 Vlcm) applied to the end of the wetted tip causes the liquid Ga to form a point source on the order of 2-5 nm in diameter in the shape of a "Taylor cone." The conical shape forms as a result of the electrostatic and surface tension force balance that is set up due to the applied electric field.
(ii) Once force balance is achieved, the cone tip is small enough such that the extraction voltage can pull Ga from the W tip and efficiently ionize it by field evaporation of the metal at the end of the Taylor cone. The current density of ions that may be extracted is on the order of -1x10' ~l c m * .
A flow of Ga to the cone continuously replaces the evaporated ions.
The applied voltage/emission current output characteristics of a LMIS are non-linear. In FEI instruments, the extraction voltage is typically set to a constant value and the suppressor voltage is used to generate emission current from the LMIS. A finite voltage is needed to create the Taylor cone shape and result in emission current. The emission current will then rise with applied voltage on the order of 20 pA/kV. The source is generally operated at low emission currents (-1-3 pA) to reduce the energy spread of the beam and to yield a stable beam. At low emission current, the beam may consist of singly or doubly charged monomer ions, and neutral atoms which are not ionized. As the current increase, the propensity for the formation of dimmers, trimers, charged clusters, and charged droplets increases.
As the source ages, the suppressor voltage is gradually increased to maintain the beam current necessary for the constant extraction voltage. When an increase in suppressor voltage will no longer yield a working beam current (i.e., will no longer start the source), the source must be re-heated. Sometimes a larger extraction voltage (i.e., an "over voltage") may be used to start the source which is then reduced as soon as emission begins. The reservoir size is quite small and thus, the source can only be heated a limited number of times. To extend the source lifetime, heating should be performed only when necessary. The lifetime of a LMIS depends on its inherent material properties and the amount of material in the reservoir and is measured in terms of pA-hours per mg of source material. Typical source lifetimes for Ga are -400 pA-hourslmg.
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THE ION COLUMN
Once the ~a ' ions are extracted from the LMIS, they are accelerated through a potential down the ion column. Typical FIB accelerating voltages range from 5-50 keV. A schematic diagram of the FIB column is shown in figure 3 . The ion column typically has two lenses, i.e., a condenser lens and an objective lens. The condenser lens (lens 1) is the probe forming lens and the objective lens (lens 2 ) is used to focus the beam of ions at the sample surface. A set of apertures of various diameters also help in defining the probe size and provides a range of ion currents that may be used for different applications. Beam currents from a few pA to as high as 20 or 30 nA can be obtained. Methods for manual or automatic aperture selection have been developed. Optimizing the beam shape is obtained by centering each aperture, tuning the column lenses, and fine tuning the beam with the use of stigmators. Cylindrical octopole lenses may be used to perform multiple functions such as beam deflection, alignment, and stigmation correction. In addition, the scan field can be rotated using octopole lenses. Beam blankers are used to prevent unwanted erosion of the sample by deflecting the beam away from the center of the column. The FIB has a relatively large working distance with a typical value of about 2 cm or less. This large working distance permits the introduction of samples with varied topography without concern for field variations. When the ~a ' beam strikes the sample surface, many species are generated including sputtered atoms and molecules, secondary electrons, and secondary ions. A more detailed description of the sputtering process is presented elsewhere in this volume.
The energy spread of a finely confined ion beam is generally larger than the energy spread of an electron beam and is -5 eV. Since ions are much more massive than electrons, space charge effects limit the apparent source size and increase the width of the energy distribution of the emitting ions. Thus, chromatic aberration is often the limiting factor in the resolution of a FIB system.
THE STAGE
The sample stage typically has the ability to provide 5-axis movement (X, Y, Z, rotation and tilt). All five axis stage motions may be motorized for automatic positioning. The stage can be of sufficient size to handle 300 mm wafers. New FIB stages often have the capability for eucentric motion to avoid having to realign the sample every time the stage is moved. The large stage must be very stable and not be subject to significant heating as a result of the mechanical action required for stage movement. Thermal stability prevents specimen drift during FIB milling or deposition. Automated stage navigation can be used for precise location of sites on large wafers or for device repairs that involve multiple layers of material.
IMAGING DETECTORS
Two different types of detectors are typically used to collect secondary electrons for image formation, a multi-channel plate or an electron multiplier. A multi-channel plate is generally mounted directly above the sample. The electron multiplier is usually oriented to one side of the ion column. A typical alignment of the electron multiplier would put the detector at an angle of 45" to the incident beam. The electron multiplier detector can be biased to detect either secondary electrons or secondary positive ions emitted from the sample. It is important to note that the sample is being sputtering during the FIB imaging process. Therefore, small beam currents (< 100 PA) are typically used for FIB observation and image capture to minimize material removal during imaging.
Several contrast mechanisms can be used to provide various imaging capabilities. The secondary electron images provide images with good depth of field. The penetration of the ion beam into the specimen varies with different materials and for different grain orientations. Channelling contrast is observed for different grain orientations such that polycrystalline microstructures can be easily delineated. Secondary ion imaging provides a different type of contrast compared to secondary electron imaging. Note that the penetration of a 30 to 50 keV ~a + beam is limited to only a few tens of nanometers and therefore the secondary electron imaging capabilities are directly related to the surface effects of the collision cascade. Thus, observation of a region of interest under an oxide in an FIB system will require use of an optical microscope, or extensive pre-marking of the specimen before entry into the system.
The bombardment of charged species to the surface of an insulator can cause sample charging. The bombardment of an insulator with Ga' will cause the specimen to accumulate excess positive charge. Thus, any emitted secondary electrons will be attracted back to the surface, and will not be detected. Hence, charging effects in secondary electron FIB images are defined by dark regions in the image because the secondary electrons in these regions do not reach the detector. Analyzing a specimen that contains both insulating and charging regions is possible using because the insulating and conductive regions will appear dark and light, respectively. "Passive voltage contrast" is often used in semiconductor applications to test for circuit failure sites (see chapter by Holdford).
If the sample charges significantly, charge reduction methods may be required. Sometimes, good grounding of the specimen may be sufficient and it may be necessary to ground the inputs or bond pads of a semiconductor device. Charging can also be reduced or eliminated by coating the sample, or with the use of an electron flood gun (i.e., charge neutralizer), or by also imaging or milling with the SEM column turned on in the case of a dual platform instrument. Carbon coating can be removed in a plasma etcher after the sample is modified in the FIB, whereas metal coatings such as Au, AuIPd, or Cr are not easily removed. It is interesting to note that for a wide range of materials and applications, coating is normally not required for analysis.
In addition, secondary ion (SI) imaging may be used to image insulating materials. The implementation of a flood gun (a charge neutralizer) in addition to SI imaging may also aid in observing or milling insulating materials. Figure 4 shows FIB images of a semiconductor device that is charging. Figure 4a shows a SE FIB image. Note that nearly the entire image is dark in contrast indicating that charging of the sample has tken place. Figure 4b shows a SI FIB image. Note that the details of the circuitry are now very will defined. In Figure 4c , a charge neutralizer is used in conjunction with SI FIB imaging. A brighter contrast image is observed with slightly better image details in figure 4c.
Charging can also affect the quality of FIB milling in insulating materials. Figure 5 shows an SEM image of two FIB milled square trenches in an insulator. The trench on the left was performed without charge neutralization and the trench on the right was performed with charge neutralization. Note that the use of FIB milling of an insulator without charge neutralization shows an irregular FIB milled box plus charging artifacts that are observed on the surface of the specimen. Conversely, the FIB milled trench performed with charge neutralization shows a uniformly milled box with no other apparent charging artifacts.
THE USE OF GAS SOURCES
Gas delivery systems can be used in conjunction with the ion beam to produce site specific deposition of metals or insulators or to provide enhanced etching capabilities. Metals, such as W or Pt, are deposited by ion beam assisted chemical vapor deposition of a precursor organometallic gas. A controlled amount of gas is introduced into the chamber by opening a valve that separates the reservoir and an inlet capillary that is positioned -100 ym above the sample surface. The gas molecules are adsorbed on the surface in the vicinity of the gas inlet, but decompose only where the ion beam strikes. Repeated adsorption and decomposition result in the buildup of material in the ion scanned region. The ion beam assisted chemical vapor deposition process consists of a fine balance between sputtering and deposition. If the primary beam current density is too high for the deposition region, milling will occur. In addition to the CVD deposition of material, chemically enhanced sputtering is facilitated by the introduction of select species into the FIB chamber. For example, halogen-based species may enhance sputtering rates for specific substrate materials in the presence of the Ga ion beam. In addition, water has been shown to provide enhanced etching for carbonaceous materials. More details on deposition and etch are provided in a chapter dedicated to those processes. 
DUAL PLATFORM INSTRUMENTS
The most common dual platform system incorporates an ion column and an electron column (i.e., an SEM) and has advanced capabilities. The electron beam can be used for imaging without concern of sputtering the sample surface. As a result, very creative ion beam milling and characterization can be obtained. In addition, electron beam deposition of materials can be used to produce very low energy deposition that will not affect the underlying surface of interest as dramatically as ion beam assisted deposition. It is possible to integrate the electron and ion beam operation to provide three dimensional information by sputtering the sample in increments and obtaining an SEM image of the specimen after each sputtering cycle. An energy dispersive spectrometry (EDS) detector can be added to provide elemental analysis. An electron backscatter diffraction detector (EBSD) can also be added to provide crystallographic analysis. In other cases, a combination FIBISIMS instrument has been avai!able for site specific specimen preparation plus elemental analysis at the trace impurity level. The benefits of FIBISEM instruments are discussed in later chapters.
SUMMARY
The fundamental principles of a generalized FIB source, column, and detection systems have been summarized. The basic FIB system is comprised of a liquid metal ion source, stage, computer system, and detectors. Additional options can include a gas injector system used for either CVD deposition or enhanced etching. FIB platforms can be single ion beam or multi-column systems. There are certain advantages unique to combined FIBISEM systems. Non-destructive imaging of the sample may be accomplished with an integrated SEM and additional peripherals such as EDS and EBSD may be used for elemental or crystallographic information. Specific details regarding the operation of the LMIS and ion optics may be found in the references listed below.
INTRODUCTION
The ability to mill, image, and deposit material using a focused ion beam (FIB) instrument depends critically on the nature of the ion beam -solid interactions. Figure 1 shows a schematic diagram illustrating some of the possible ion beamlmaterial interactions that can result from ion bombardment of a solid. Milling takes place as a result of physical sputtering of the target. An understanding of sputtering requires consideration of the interaction between an ion beam and the target. Sputtering occurs as the result of a series of elastic collisions where momentum is transferred from the incident ions to the target atoms within a collision cascade region. A surface atom may be ejected as a sputtered particle if it receives a component of kinetic energy that is sufficient to overcome the surface binding energy (SBE) of the target material. A portion of the ejected atoms may be ionized and collected to either form an image or be mass analyzed (see chapters on FIBISIMS). Inelastic interactions also occur as the result of ion bombardment. Inelastic scattering events can result in the production of phonons, plasmons (in metals), and the emission of secondary electrons (SE). Detection of the emitted SE is the standard mode for imaging in the FIB; however, as previously mentioned secondary ions (SI) can also be detected and used to form images.
In general, the number of secondary electrons generated per incident ion is -1 and is 10-1000x greater than the number of secondary ions generated per incident ion (Orloff et al., 2003) . A comparison of an ion beam induced SE image and an ion beam induced SI image from the same region of the eye of a typical Florida bug is shown in figure 2 . Note the complementary information that may be obtained using both of these imaging conditions. Non-conducting regions of a sample will accumulate a net positive charge as a result of the impinging ~a ' ions. The net positive charge will inhibit the escape of SEs emitted from the surface. This type of charging artifact is observed as dark contrast in the image. For example, the regions around the bug eye in the lower left shows charging artifacts in the SE image, but are clearly delineated in the SI image. In addition, the dark feature on top of the eye shown in the SE image also shows evidence of charging, while the SI image clearly shows the details of the feature. Thus, secondary ion imaging is a useful alternative to circumvent charging artifacts during FIB imaging and milling of non-conducting samples.
Interactions between the incident ion and the solid occur at the expense of the initial kinetic energy of the ion. Consequently, if the ion is not backscattered out of the target surface, the ion will eventually come to rest, implanted within the target at some depth (i.e., Rp as shown in Figure 1 ) below the specimen surface.
The quality of the milled cuts or CVD deposited regions depends critically on the interactions between the impinging ion beam and the target. Thus, understanding the basics of ion beam-solid interactions may greatly enhance the ability to achieve optimum results using an FIB system. In this chapter, we present a brief introduction to the interactions that occur when an energetic ion impinges on a solid target surface. The interactions summarized below are those that are important within the energy regime that is characteristically used in the FIB (-5-50 keV). More extensive details on ion-solid interactions are available elsewhere (see e.g., Orloff et al., 2003; Nastasi et al., 1996) .
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THE RANGE OF IONS IN AMORPHOUS SOLIDS
When a solid material is bombarded with an ion beam, a number of mechanisms operate to slow the ion and dissipate the energy. These mechanisms can be subdivided into two general categories: (i) nuclear energy losses, and (ii) electronic energy losses. Nuclear energy transfer occurs in discrete steps as the result of elastic collisions where energy is imparted from the incident ion to the target atom by momentum transfer. Electronic energy losses occur as the result of inelastic scattering events where the electrons of the ion interact with the electrons of the target atoms. The rate of ion energy loss per unit path length, dEIdx, and has both nuclear and electronic contributions. However, sputtering in typical FIB processes occur in energy ranges that are dominated by nuclear energy losses. Therefore, it is sufficient to present ion-solid interactions due only to the nuclear energy loss of ions as discussed below. The interested reader may find a discussion on electronic energy losses elsewhere (e.g., Nastasi et al. 1996) .
The Concept of Ion Range
There tends to be some ambiguity in the terms and conventions used to describe ion range data. There are several distinctions between closely related concepts that should be emphasized. The first source of confusion can stem from the shear number of parameters used to quantify the distance that an energetic ion travels in a solid: i.e., range (R), projected range (R,), penetration depth (X,), transverse projected range (R,'), spreading range (R,), radial range (R,), and projected range straggling (AR,). It is simplest to establish range definitions in terms of the interaction of a single ion with a solid. A sound physical interpretation of these definitions allows their application to actual ion beam processes that enlist the action of many ions. Ultimately, the implantation behavior of a single ion can be extrapolated to reflect the implantation behavior of multiple ions in terms of population dynamics.
Beginning with definitions as applied to a single ion, the range (R) described by Equation 1, is defined as the integrated distance that an ion travels while moving in a solid, and is inversely related to its stopping power (Nastasi et al., 1996; Ziegler et al., 1985; Townsend et al., 1976 ). The stopping cross-section, S(E), is defined as S(E) = (dE/dx)/N, where N is the atomic density. The stopping cross-section may be thought of as the energy loss rate per scattering center.
Thus, R may be defined by the path length for a single ion as illustrated in the schematic diagram in Figure 3 . Examination of figure 3 reveals that R is not the same as the longitudinal projected range for a single ion (R,). R, for a single ion is the projection of its R onto its incident trajectory vector (sometimes denoted as I,). Figure 3 is the generic case for arbitrary incidence angle. Only when 8 = 0" (i.e., when the beam is normal to the surface), does Rp equal the implant depth (X,) as measured perpendicular to the target surface (Nastasi et al., 1996; Gibbons et al., 1975) . It should be noted that the statistical R,, as applied to a collection of ions, is the quantity most frequently used to describe depth for an ion implant. Where R, for a distribution of ions in a target material is most commonly defined by convention, as the distance measured along the incident ion trajectory at which the highest concentration of implanted ions will be found. It should be noted that the statistical value, X,, is a more pertinent value of interest for understanding sidewall implantation (e.g., in a FIB prepared TEM specimen).
Surface
Figure 2-3. A 2D schematic diagram of the path of a single ion that has entered the target at an angle not equal to the surface normal. Note that R, = X, only when the incident angle is 0' .
(adapted from Mayer, et al. 1970) A summary of the parameters of interest for the range of travel of an incident ion for the more general 3D case of a single energetic particle
